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ABSTRACT
This is the fourth in our series of papers discussing the nature of radio-excess galaxies, which
have radio emission associated with an active nucleus but which do not fit into the traditional
categories of either radio-loud or radio-quiet active galaxies. In this paper, we present optical
spectra of our sample of FIR-luminous radio-excess galaxies. Optical emission line ratio diag-
nostics are used to determine the dominant source of the ionizing radiation. We find that radio
excess is an excellent indicator of the presence of an active nucleus. The radio-excess sample
contains a much higher fraction of AGN than samples selected on FIR luminosity alone, or using
other criteria such as warm FIR colors. Several objects have ambiguous classifications and are
likely to be composite objects with mixed excitation. The type of optical spectrum appears to
be associated with the radio-loudness: our results suggest that radio-loud objects may be more
‘pure’ AGN than radio-intermediate objects. We find strong evidence for interaction between
the radio plasma and the surrounding gas. Broad, structured optical emission lines are observed
and a relative blueshift is measured between the [O III] λ5007 and Hα lines in several sources.
Jet energy fluxes are inferred from the [O III] λ5007 luminosities using a shock model for the
interaction between the radio jet and the line-emitting gas. The jet energy fluxes of the radio-
excess objects are lower than in powerful radio sources, consistent with our previous results.
We conclude that the jets of radio-intermediate sources are intrinsically weaker than those in
sources with more powerful radio emission. A significant fraction of the sample spectra show
post-starburst stellar continuum, with A-star absorption lines. Post-starburst stellar populations
are consistent with the large fraction of merging or disturbed host galaxies in the sample. The
ages of the radio sources are significantly less than those of A stars indicating that, if the radio
sources are associated with merging activity, there is a delay between the interaction and the
initiation of the radio activity.
Subject headings: galaxies: active — galaxies: Seyfert — infrared: galaxies — radio continuum: galaxies
— galaxies: jets
1. Introduction
Optical emission lines are a characteristic fea-
ture of active galaxies. The ionizing source for the
optical emission lines seen in AGN is a combina-
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tion of photoionization by ultraviolet (UV) con-
tinuum emission from the nucleus and shock ion-
ization produced by high velocity outflows such as
radio jets. In powerful radio galaxies, the optical
emission lines reveal the interaction between the
radio plasma and the surrounding medium. De-
tailed studies of individual radio galaxies suggest
that the radio and line-emitting regions are spa-
tially coincident and reveal kinematic evidence for
shocks and acceleration of the line-emitting mate-
rial by the jet and overpressured lobes (e.g., van
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Breugel et al. 1984a,b; Tadhunter 1991; Koeke-
moer & Bicknell 1998; Villar-Mart´in et al. 1999;
Solo´rzano-In˜arrea et al. 2001, 2002; Koekemoer &
Bicknell 2002).
Studies of samples of radio galaxies have shown
that the interaction between the radio plasma and
the surrounding medium is related to the radio
source size (Best, Ro¨ttgering, & Longair 2000,
Best et al. 2002; Inskip et al. 2002b). These results
have shown that radio plasma/cloud interactions
dominate the kinematics and ionization of the line-
emitting material while the source is young and
expanding through the interstellar medium of the
host galaxy. In more evolved radio sources, with
larger extents, the line-emitting material is pre-
dominantly photoionized by the central ultraviolet
continuum source, and the kinematics are consis-
tent with gravitational motion in the host galaxy
potential. The radio plasma interactions may take
the form of direct jet–cloud interactions or inter-
actions with the over–pressured radio lobe.
Powerful compact radio sources that are em-
bedded in the dense inner regions of the host
galaxy show evidence for strong interaction be-
tween the expanding radio lobes and the interstel-
lar medium. Gelderman & Whittle (1994) discov-
ered broad, complex line profiles in compact-steep
spectrum (CSS) sources. A detailed study of three
CSS sources found broad emission line widths,
complex line profiles, and velocity offsets in the
emission line gas surrounding the radio sources
(O’Dea et al. 2002, 2003). The [O III] λ5007 emis-
sion line in two other CSS sources has been shown
to be blueshifted by 600 – 2000 km s−1 with re-
spect to the systemic velocity of the host and
low ionization lines (Holt et al. 2003; Tadhunter
et al. 2001). These studies provide strong evi-
dence for acceleration of the line-emitting gas by
powerful radio jets. Some evidence has also been
found for interaction between the much weaker ra-
dio sources found in Seyfert galaxies and the sur-
rounding medium (Whittle 1992b).
The radio continuum and [O III] λ5007 line lu-
minosities are found to be correlated in samples
of radio galaxies (e.g., Baum & Heckman 1989;
Rawlings & Saunders 1991; Tadhunter et al. 1998;
Baum & McCarthy 2000). This suggests either
a direct relation between the radio jets and the
line emission, or that both are directly related to
the luminosity of the central engine. A correla-
tion between the radio power and [O III] λ5007
emission is also seen in Seyfert galaxies (de Bruyn
& Wilson 1978; Whittle 1985). This correlation
is separated from the radio galaxy correlation by
approximately four orders of magnitude in radio
power and this has been used to argue for a di-
chotomy between radio-loud and radio-quiet AGN
(Wilson & Colbert 1995). The correlation be-
tween radio power and [O III] λ5007 luminosity in
Seyfert galaxies is most likely due to the relation
both have with the properties of central engine,
although the physical details of this correlation re-
main to be elucidated.
In this paper we investigate the optical spectro-
scopic properties of our sample of 49 FIR-luminous
radio-excess galaxies, and the hypothesis that they
resemble low-power CSS/GPS sources. The spec-
troscopic observations and measurements are de-
scribed in §2. The line ratios and object classifica-
tions as well as line widths and equivalent widths
are presented in §3. In §4 we discuss the classi-
fications and the [O III] λ5007 luminosities of the
radio-excess objects as a function of their radio
power. We use models to infer properties of the
radio jets from the optical line emission, and dis-
cuss the presence of stellar continuum and absorp-
tion lines in sample spectra. Our conclusions are
presented in §5. For consistency with our previous
work, we adopt the cosmological parametersH 0 =
50 km s−1Mpc−1 and q 0 = 0.5.
2. Optical spectroscopy
The selection of the radio-excess sample is
described in detail in Drake et al. (2003, here-
after Paper I). Briefly, objects were found by
cross-correlating the Parkes-MIT-NRAO 5 GHz
radio source catalog (Griffith & Wright 1993;
Griffith et al. 1994; Wright et al. 1994; Grif-
fith et al. 1995; Wright et al. 1996) with the
IRAS FSC (Moshir et al. 1992). Objects hav-
ing more than 5 times as much radio emis-
sion as expected from the far-infrared/radio cor-
relation followed by star-forming galaxies and
radio-quiet active galaxies were selected to form
the radio-excess sample. This criterion corre-
sponds to log [Sν(60 µm)/Sν(4.8 GHz)] < 1.80.
The FIR-luminous subsample selected for fur-
ther study comprises those radio-excess objects
with νLν(60 µm) > 10
11 L⊙. This selection is
2
described in Drake et al. (2004a, hereafter Pa-
per II). The FIR-luminous radio-excess objects
were observed with the Double-Beam Spectro-
graph (DBS) on the Australian National Uni-
versity (ANU) 2.3 m telescope at Siding Spring
Observatory. The B300 and R316 gratings were
used in the blue and red arms, respectively, giving
a spectral resolution of ∼ 5 A˚. The observations
and reduction of the spectra are described in de-
tail in Paper I. The low resolution optical spectra
are shown in Appendix A, Figures 14a - m. Some
of the objects were observed again with the B600
and R600 gratings of the DBS, at a spectral res-
olution of ∼2 A˚. These spectra were reduced by
the same method as the lower resolution spectra.
Spectrophotometric measurements were per-
formed on the lower resolution spectra using
the IRAF data reduction package. The line
fluxes and widths of unblended lines were mea-
sured by Gaussian fitting using the SPLOT
task. At the resolution of the observations,
several emission lines were blended, including
Hα with [N II] λ6548, 6584 and [S II] λ6717 with
[S II] λ6731. Parameters for these lines were mea-
sured by simultaneously fitting multiple Gaussians
using the task NGAUSSFIT. This task allows the
widths and fluxes of lines of the same species to be
fixed relative to each other. Where Hβ was present
in both absorption and emission, NGAUSSFIT
was used to fit these simultaneously. For eight
objects the Hα and Hβ emission was fitted with
a broad as well as a narrow component. The line
flux in these cases is listed as the sum of the two
components but the line ratios were calculated
using the narrow component only.
The line fluxes were corrected for reddening fol-
lowing Veilleux & Osterbrock (1987). The Hα and
Hβ lines were used to determine the Balmer decre-
ment, and the Whitford reddening curve was used
to determine the reddening (Miller & Mathews
1972). An intrinsic flux ratio of Hα/Hβ = 3.1
was assumed for all objects. This value is slightly
higher than the Case B Balmer recombination ra-
tio of 2.85 expected for starburst galaxies and is
more appropriate for active galaxies (Veilleux &
Osterbrock 1987), however we note that the ob-
ject classifications (§3) are unchanged if an in-
trinsic Hα/Hβ = 2.85 is used for the reddening
correction. The (uncorrected) Hα and Hβ fluxes,
along with the derived extinction, are listed in Ta-
ble 1. The fluxes of other emission lines, corrected
for reddening, are listed in Table 2. Where Hβ is
an upper limit, the reddening estimate is a lower
limit. Two spectra had no Hα emission line; no
reddening was calculated for these spectra.
The line widths were taken to be the full width
at half-maximum (FWHM) of the fitted Gaussian.
The instrumental broadening was measured by fit-
ting Gaussian profiles to emission lines in sky spec-
tra extracted from the same image as the object
spectrum. These were typically ∼ 5.0 A˚. The
instrumental FWHM was subtracted in quadra-
ture from each measured line width to estimate
the intrinsic line width. These are listed in Ta-
ble 3. Equivalent widths of the emission lines
were derived from the fitted Gaussian profiles us-
ing the SPLOT task. The equivalent width of the
[O III] λ5007 emission line for each spectrum is
listed in Table 4.
3. Results
Reddening-corrected narrow-line ratios were
derived and plotted on three Veilleux & Oster-
brock (1987) diagnostic diagrams to determine
the nature of the line-emitting region (see Fig-
ure 1). The theoretical scheme of Kewley et al.
(2001) was used to classify the galaxies into star-
bursts (SB), Seyferts (Sy), and low-ionization nar-
row emission-line region (LINER) galaxies. This
scheme has been shown to give similar results to
the semi-empirical scheme of Veilleux & Oster-
brock (1987), but with fewer ambiguous classifi-
cations (Kewley et al. 2001; Corbett et al. 2003).
Objects below and to the left of the maximum
starburst (solid) line on each diagram are classi-
fied as SB. Objects above this line and to the left
of an extreme mixing line (solid line) are classi-
fied as Sy. The mixing line indicates the locus of
objects with a maximum starburst combined with
0 – 100% contribution by an AGN component.
Objects above the maximum starburst line and to
the right of the extreme mixing line are classed as
LINERs. Objects were classified by their location
in the three diagnostic diagrams. In most cases
the three classifications agreed and a final type
was assigned to the object. Objects for which the
three classifications did not agree are described as
ambiguous. The classifications and assigned types
are listed in Table 5.
3
The diagnostic diagrams (Figure 1) reveal that
the majority of the objects have Seyfert spectra.
We find 27 galaxies with Seyfert spectra (75%) and
one galaxy with a starburst spectrum (3%). No
objects were unambiguously classified as LINERs.
The remaining eight objects (22%) had ambiguous
classifications. Of these, five were Sy/LINER, one
was SB/LINER and one was Sy/SB/LINER. The
Seyfert galaxies were further divided into broad-
and narrow-line objects (Seyfert types 1 and 2)
based on the Hα line widths (Table 3). Seyferts
with FWHMHα > 2000 km s
−1 were classified as
Sy 1 and objects with narrower Hα emission lines
as Sy 2.
We extracted fixed-size apertures for all sam-
ple objects. Veilleux (2002) noted that aperture
effects can cause line ratios to move towards the
starburst region of the diagram, when the same
sized aperture is used for objects of different red-
shifts. This occurs because the corresponding lin-
ear aperture is larger for higher redshift objects
and starburst regions often surround the nucleus.
The potential contamination from any circumnu-
clear starburst increases with redshift. The ex-
tracted apertures (12 pixels ∼ 10′′) correspond to
scales of ∼ 10 – 70 kpc at the redshifts of our ob-
jects. However we see no evidence that objects
with higher redshifts lie closer to the starburst re-
gion than lower redshift objects.
4. Discussion
4.1. Classifications
Classifying objects based on the diagnostic dia-
grams, we find the majority of objects in the sam-
ple (75%) are AGN. Using the theoretical scheme
of Kewley et al. (2001), we find that 56% of the
objects are Seyfert type 2 and 19% are Seyfert
type 1 (FWHMHα > 2000 km s
−1). Only one
object is classified as a starburst and no object
is classified as a LINER. Classifications for eight
objects (22%) were ambiguous. These objects are
discussed further below.
We find a higher fraction of AGN than in sam-
ples of objects selected on FIR luminosity alone,
which are dominated by radio-quiet objects at
IRAS flux densities. This confirms that the radio-
excess criterion selects AGN (see Paper I). Stud-
ies with other selection criteria, aimed at selecting
AGN, have also found a higher fraction of AGN,
though none of these contain as high a fraction as
found in our sample. For example, de Grijp et al.
(1992) selected IR galaxies with warm FIR colors
and found 22% Seyfert 1, 39% Seyfert 2 galaxies
and 37% starburst galaxies. Samples selected only
on FIR luminosity find lower fractions of AGN and
higher fractions of starburst and LINER galax-
ies. In their sample of luminous infrared galax-
ies, Veilleux et al. (1995) found 12% of their ob-
jects were Seyfert 2 and only 2% were Seyfert 1,
while 59% of the sample were SB and 27% were
LINER galaxies. Kewley et al. (2001) found a sim-
ilarly low fraction of AGN and high fraction of
starbursts in their sample of largely radio-quiet
IR-luminous galaxies. They find only 0.4% of
LINERs in their sample. Some of this difference
may also be attributable to different classification
methods, especially for the LINERs. Veilleux et
al. (1995) use the criterion log [O III]/Hβ ≤ 3 to
classify LINERs, while Kewley et al. (2001) use
the criteria we adopted. Kewley et al. (2001) note
that 6% of galaxies in their sample are classified as
LINERs using the criteria of Veilleux et al. (1995).
We find that five objects with ambiguous classifi-
cations and one object classified as a Seyfert, in
total 12% of our sample, have log [O III]/Hβ ≤ 3.
Figure 2 shows the diagnostic diagrams with
symbols indicating the level of radio-excess of the
object. Following Paper I, we have divided the
sample into radio-intermediate (0.0< u < 1.80)
and radio-loud (u < 0.0) objects, where the
radio-excess parameter u = log [Sν(60 µm)/
Sν(4.8 GHz)]. There is a clear tendency for the
radio-loud objects (open circles) to be higher up
the mixing line derived by Kewley et al. (2001)
and so exhibit a higher percentage of pure AGN
excitation than the radio-intermediate objects.
The Kaplan-Meier estimator shows the means of
the log [O III]/Hβ for the radio-intermediate and
radio-loud objects to be 0.78±0.07 and 1.05±0.07,
respectively. However, two-sample Gehan and
logrank tests using survival analysis methods to
account for lower limits indicate differences in
log [O III]/Hβ between the radio-intermediate and
radio-loud objects with significance levels of only
∼10%. A larger sample is required to investigate
properly the relation between the radio loudness
and the properties of the optical spectrum. The
radio-intermediate objects are less powerful AGN
in both the radio and the optical, compared with
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the radio-loud objects, so it may be that the radio-
intermediate objects have a composite excitation
containing a higher fraction of starburst contribu-
tion.
One object is classified as starburst on the di-
agnostic diagrams. This object, F21139-6613, falls
quite close to the maximum starburst line in Fig-
ure 1, within the uncertainties, in two of the three
diagrams. It has a modest radio excess (u = 1.2)
and high FIR luminosity (log νLν(60 µm) = 11.7
L⊙). It has the highest extinction of any object
in the sample, with E(B-V) = 3.1. It is therefore
likely to be a composite starburst-AGN in which
the AGN is highly reddened and consequently ob-
scured at optical wavelengths.
Several of the ambiguous classifications can be
redefined as borderline rather than ambiguous, as
the objects lie very close to the borders between
regions in one or more diagrams. The eight objects
with ambiguous classifications tend to have large
uncertainties in their line ratios. These objects
may also be composite starburst/AGN in which
nuclear activity is either weak or highly obscured.
Figure 3 shows the FIR color-color diagram for
the objects with measured IRAS 25 µm and 12
µm fluxes (Paper I). While the majority of ob-
jects with unambiguous classifications do not have
measured IRAS fluxes in these bands, the few
objects that can be plotted are mostly Seyferts
that fall along the reddening line (Dopita et al.
1998). Thus the optical diagnostics and FIR col-
ors of these objects agree, suggesting that these
are highly reddened Seyfert galaxies. The location
of the three ambiguous objects on this diagram
is consistent with these being composite and/or
highly obscured objects.
4.2. Jet/ISM Interaction
Most of the FIR-luminous radio-excess objects
show broad [O III] λ5007 line widths. The distri-
bution of measured line widths for our objects,
corrected for instrumental broadening, are shown
in Figure 4 (top panel). Data from the liter-
ature for other objects are shown for compari-
son. The line widths of the FIR-luminous radio-
excess galaxies cover a broad range of velocities
from as narrow as ∼ 250 km s−1 to almost 2000
km s−1. The line widths are broader than typ-
ical galaxian rotation, suggesting that there is
strong interaction between the radio source and
the line-emitting gas in the radio-excess objects.
The line widths are similar to CSS sources and
broader than observed in extended radio galaxies
and Seyferts with linear radio sources.
Broad line widths have been observed in power-
ful compact radio sources and interpreted to indi-
cate strong interaction between the radio jet and
the host ISM (e.g., Gelderman & Whittle 1994;
O’Dea et al. 2002, 2003). Whittle (1992b) has
shown that the line widths of radio-quiet Seyfert
galaxies correlate with the rotational velocity of
the galaxy, and that Seyfert galaxies with lin-
ear radio sources have broader line widths. The
kinematics of the narrow-line region in radio-quiet
galaxies therefore seems to be dominated by the
galaxy potential. The cited work indicates that in
those objects with linear radio sources, the inter-
action of the radio plasma with the line-emitting
material accelerates the gas and produces broader
line widths. In the case of powerful radio galaxies,
the line widths are not as broad as in CSS sources
because the radio jets do not interact as strongly
with the gas in the narrow-line region. The pow-
erful radio galaxies show similar line widths to the
Seyfert galaxies. However, all except one of the
high-redshift radio galaxies (z > 0.6; filled his-
togram, middle panel) fall at the upper end of the
distribution, with the broadest line widths. Baum
& McCarthy (2000) note this difference between
the low- and high-redshift objects in their sam-
ple. If broad line widths in these objects are at-
tributable to interaction between the radio source
and the surrounding gas, the increase in line width
with redshift can be interpreted as an increase in
strength of the interaction with radio power. Al-
ternatively, Baum & McCarthy (2000) argue that
if the broad line widths are associated with larger
gravitational potentials, the increase in line width
with redshift indicates that the environment of ra-
dio galaxies changes with redshift. Thus part of
the correlation may simply be an environmental
effect. Recent studies suggest that both effects
are operating; radio sources interact more strongly
with the environment when they are small and ex-
panding into the dense host galaxy medium, and
more extreme kinematics are observed at higher
redshift as a result of different environments (Best
et al. 2000, 2002; Inskip et al. 2002a,b).
ULIRG Seyferts show a large range of line
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widths, some as broad as those in our sample. Lit-
tle is known about the radio properties of these
objects, but at least four are known to be radio-
excess objects, including two objects that are also
present in our sample. These four objects all have
broad line widths (Figure 4; filled histogram, bot-
tom panel). The ULIRG Seyferts would seem to
comprise both radio-quiet objects in which the
[O III] λ5007 line width reflects the galaxian ro-
tation, and radio-excess objects, in which there is
additional acceleration of the line-emitting mate-
rial by the radio plasma.
We do not detect any correlation of the
[O III] λ5007 line width with the radio power (Fig-
ure 5). This is consistent with the similar line
widths seen between the radio-excess galaxies and
the more powerful CSS/GPS sources and suggests
that the radio power is not the dominant factor
determining the amount of line broadening. Other
factors, such as the amount of gas in the narrow-
line region, may be more important.
We find further evidence for acceleration of
the line-emitting material in some objects. In
six galaxies we detect a blueshift between the
[O III] λ5007 and Hα emission lines. These are
shown in Figure 6. Blueshifts between forbidden
and permitted lines have previously been observed
in two objects in our sample that have compact
powerful radio sources, including F15494-7905,
shown in Figure 6 (Holt et al. 2003; Tadhunter et
al. 2001). They have been interpreted as evidence
for outflows, where the permitted lines are at the
systemic velocity of the galaxy and the forbidden
lines are produced in gas that is being accelerated
and shock-excited by the radio jet or expanding
lobe. The objects with blueshifts all have broad
[O III] λ5007 line widths, but they have radio pow-
ers and radio excesses covering the full range in the
sample. Thus, such outflows are not associated
exclusively with objects having high radio powers.
Complex line profiles are also seen in some ob-
jects. Figure 7 shows the [O III] λ5007 profiles of
two objects observed at higher resolution. Com-
plex line profiles have been observed in powerful
radio sources and Seyfert galaxies with linear radio
sources and indicate that the radio jet that is ac-
celerating the surrounding material produces com-
plex kinematics in the line-emitting regions (Gel-
derman & Whittle 1994; Whittle 1992b).
4.3. Jet Energy Fluxes
The radio-excess objects were selected in such
a way that they include many objects that lie be-
tween radio-loud and radio-quiet objects in their
radio/FIR flux density ratios. We find that many
of these are also intermediate in their ratio of radio
to [O III] λ5007 line luminosity. Figure 8 shows
the distributions of this ratio for the FIR-luminous
radio-excess sample and radio-loud together with
radio-quiet objects from the literature for compar-
ison. The radio-excess objects fall between power-
ful radio sources and Seyfert galaxies in their ratio
of [O III] λ5007 luminosity to radio power, filling
the gap between the distributions of the radio-loud
and radio-quiet objects.
We find that the radio-excess galaxies have
[O III] λ5007 emission lines as luminous as those
in powerful radio sources, but that they lie be-
tween radio-loud objects and radio-quiet objects
on the L[OIII] - P 4.8 GHz diagram. Figure 9 shows
the [O III] λ5007 emission line luminosity relative
to the radio power for the radio-excess sample and
the comparison radio-quiet and radio-loud objects.
Independent correlations have been observed be-
tween the radio power and [O III] λ5007 luminos-
ity in radio-quiet (de Bruyn & Wilson 1978; Whit-
tle 1985) and radio-loud sources (Baum & Heck-
man 1989; Rawlings & Saunders 1991; Tadhunter
et al. 1998; Baum & McCarthy 2000). Two hy-
potheses to explain these correlations have been
investigated: photoionization by a central UV con-
tinuum source, or shock ionization by the radio
jets. Evidence for both has been found. Baum &
McCarthy (2000) found that the emission-line lu-
minosities in their sample of 52 3CR radio galax-
ies were proportional to the nuclear UV contin-
uum flux densities, suggesting that photoioniza-
tion is the dominant ionization mechanism. How-
ever, their results did not exclude ionization by
shocks. Several detailed studies of individual ob-
jects have found morphological similarities be-
tween radio and line-emitting regions and kine-
matic evidence for shocks (e.g., van Breugel et al.
1984a,b; Tadhunter 1991; Koekemoer & Bicknell
1998; Villar-Mart´in et al. 1999; Solo´rzano-In˜arrea
et al. 2001, 2002; Koekemoer & Bicknell 2002).
The alignment of line-emitting regions with the
axis of the radio jet in high-redshift radio galaxies
has been interpreted as evidence for an anisotropic
UV source and for shock-induced continuum by
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the radio jet (Baum & McCarthy 2000; Best et
al. 1999). Given that there is evidence for both
mechanisms, it is likely that the observed emis-
sion results from a combination of photoionization
and shock ionization. A number of studies have
shown that shock ionization is more important in
smaller radio sources, confined within the optical
extent of the host galaxy, while the emission-line
regions in larger sources are predominantly pho-
toionized (Best et al. 1999, 2002; Inskip et al.
2002a,b). The broad line widths in CSS sources
support the hypothesis that the radio jet produces
radiative shocks in a dense interstellar medium
(Gelderman & Whittle 1994). Thus in the com-
pact radio-excess objects, we expect shocks to play
a large role in producing the optical line emission.
However, in radio-quiet Seyfert galaxies that have
no radio jets the optical line emission is likely to
be predominantly photoionized by ultraviolet pho-
tons from the active nucleus. The [O III] λ5007
emission in the radio-excess objects may there-
fore include a significant photoionized component.
In some objects, which have strong stellar con-
tinuum, there may also be a contribution associ-
ated with star formation. The lack of any trend of
[O III] λ5007 line width with radio power (Figure
5) suggests that a combination of ionization mech-
anisms is operating. The line width is bounded at
the lower limit by the gravitational motions of the
galaxy, and at the upper limit by the condition
that the shocks are radiative. The distribution of
points in Figure 5 indicates that most objects are
of mixed excitation.
The radio and optical line emission of compact
radio sources have been modeled by Bicknell, Do-
pita, & O’Dea (1997). The model describes the
evolution of a jet-fed radio lobe as it expands into
the dense interstellar medium. In the Bicknell et
al. model the total shock luminosity is equated to
the rate of work done on the surrounding medium
by the expansion of the lobe. This leads to the
following relation between the [O III] λ5007 lumi-
nosity, L[O III] λ5007, and the jet energy flux, FE .
L[O III] λ5007 ∼ 1.0× 10
−2
(
6
8− δ
)
FE erg s
−1,
(1)
where the density of the surrounding medium
varies as R−δ, R being the distance from the nu-
cleus. We assume δ = 1.5. This relation underesti-
mates the jet energy flux if the medium is clumpy.
In the case of GPS and CSS sources, the expansion
speeds ∼ 0.1 − 0.4 c of the radio plasma indicate
that the filling factor of dense clouds in the in-
terstellar medium is relatively low (Conway 2002;
Murgia et al. 1999; Parma et al. 1999; Murgia et
al. 2002; Murgia 2003; Owsianik & Conway 1998;
Owsianik, Conway, & Polatidis 1999). However,
in the case of our radio-excess objects, which show
evidence of more recent interaction or merging ac-
tivity, the medium may not be as clumped. This
is consistent with the modest radio lobe expan-
sion velocities (. 0.01 c) inferred in Drake et al.
(2004b, hereafter Paper III), and we comment fur-
ther on this below. We assume that the optical line
emission in the radio-excess objects is predomi-
nantly shock-excited, and thus this model may be
used to infer the radio jet energy flux from the
[O III] λ5007 luminosity. If there is a significant
contribution from photoionization or star forma-
tion, the derived properties of the radio jets are
overestimates. The [O III] λ5007 luminosities and
the jet energy fluxes, derived from Equation 1, are
listed in Table 6. The jet energy fluxes are lower
than for powerful radio sources, consistent with
the results of Paper III, where we estimated jet
energy fluxes from the radio spectral energy dis-
tributions of several radio-excess sources. Objects
with the highest radio powers also have the high-
est [O III] λ5007 luminosities. Thus the radio-loud
objects (those with u < 0) have the highest jet en-
ergy fluxes, and objects with more moderate radio
excesses tend to have lower jet energy fluxes.
Let us examine these estimates for the energy
flux in the light of the velocity estimates of Paper
III. Using equation (2.10) and (2.12) of Bicknell,
Dopita, & O’Dea (1997), the velocity of expansion
of a radio lobe of size xh in a smooth medium with
Hydrogen number density, nH is given by:
Vc ≃ 1500 km s
−1
(
6
8− δ
)1/3
×
ζ1/6
(
FE,45
nH(kpc)
)1/3 (
xh
kpc
)(δ−2)/3
(2)
where ζ ≃ 2, and FE,45 is the jet energy flux in
units of 1045 erg s−1. Thus, the expansion veloc-
ities estimated in Paper III are consistent with
FE,45/nH(kpc) ∼ 1. In view of our energy flux
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estimates, this implies that nH(kpc) ∼ 1; for a
temperature ∼ 107, the corresponding p/k ∼ 107.
The energy fluxes in our radio-excess objects
are much less than that in GPS and CSS sources
(Bicknell, Saxton, & Sutherland 2003), yet the
[O III] fluxes are similar. Figure 8 shows the
distribution of [O III] λ 5007 luminosity to radio
luminosity and it is clear that this parameter is
systematically higher for the radio excess objects
compared to GPS and CSS sources. This requires
comment. There are two important effects to take
into account: (1) The lower expansion velocities of
radio-excess objects mean that it is easier for the
shocks to be radiative in the sense that the radia-
tive timescale should be less than the dynamical
time scale. (See Bicknell, Dopita, & O’Dea 1997
and Bicknell, Saxton, & Sutherland 2003 for dis-
cussions of this point.) (2) The covering factor of
dense clouds may be larger, consistent with our
assumption of a medium with a higher filling fac-
tor.
4.4. Continuum Emission
A number of objects show strong continuum
as well as emission lines in their spectra. In the
case of a few, with broad emission lines, the con-
tinuum is likely to be associated with the cen-
tral nucleus. However other objects show strong
stellar continuum and absorption lines that indi-
cate the nature of the dominant stellar popula-
tion in the host galaxy. A substantial fraction of
the sample spectra show absorption indicative of
an intermediate age stellar population. Sixteen
objects (33%) show Hβ, or Hγ, Hδ, and Hǫ ab-
sorption. The stellar continuum and absorption in
these objects are typical of A type stars. Objects
with this type of optical spectrum have previously
been described as post-starburst AGN (Dey & van
Breugel 1994). They are composite objects that
are believed to have undergone a starburst within
the past ∼ 108 years, and that are now dominated
by an intermediate-age stellar population and an
active nucleus. A further 13 objects in the sample
(27%) show redder stellar continuum and absorp-
tion typical of elliptical galaxies. These objects
resemble normal radio-loud objects for which the
AGN host galaxies are luminous elliptical galaxies.
Figure 10 shows the equivalent widths of
the [O III] λ5007 emission lines as a function of
[O III] λ5007 luminosity. The symbols indicate
the type of stellar population, either A-star (open
stars), or old elliptical stellar population (filled
circles). Also plotted are objects showing min-
imal stellar continuum in their spectrum (x’s),
for which the nature of the underlying continuum
cannot be established. The equivalent widths and
luminosities of the [O III] λ5007 emission lines
show a correlation because the range of contin-
uum luminosities in the sample is narrow com-
pared with the range of line luminosities. Figure
10 shows that the objects with minimal stellar
continuum all have high equivalent widths and
luminous [O III] λ5007 emission. In contrast, the
objects with A-star stellar continuum have low
to moderate [O III] λ5007 equivalent widths and
luminosities. Objects with an older stellar popu-
lation, typical of elliptical galaxies, have interme-
diate equivalent widths and luminosities.
The distribution of points on this diagram may
indicate that there are different types of objects in
the sample; post-starburst galaxies and ellipticals
with higher intrinsic luminosities. Alternatively, it
may reflect different ages of objects in the sample,
indicating an aging sequence from post-starburst
galaxy to evolved elliptical to AGN. In the first
case, we would expect the different types of ob-
ject to have different host morphologies. In the
second case, we would expect the morphological
type of the host galaxy to be unrelated to the
location of each object in Figure 10. We show
in Figure 11 the [O III] λ5007 equivalent widths
and luminosities plotted with different symbols in-
dicating the host morphological type determined
in Paper II. Morphological types determined by
surface-brightness fitting were disks (open cir-
cles) and ellipticals/bulges (filled squares), point
sources (star), and undetermined (x’s). There is
a clear separation of the points, with disk hosts
having low equivalent widths and luminosities and
elliptical hosts having high equivalent widths and
luminosities. This confirms the result found in Pa-
per II that there are different types of object in
the FIR-luminous radio-excess sample. Taken to-
gether, Figures 10 and 11 suggest that disk hosts
have post-starburst type spectra, while elliptical
hosts have an older stellar population or no stel-
lar continuum. However, we do not find a clear
relation between the continuum type and the host
type. The stellar continuum type is probably more
fundamentally related to the weakness of the ac-
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tive nucleus. The objects that show strong stellar
absorption also show more dominant starburst ac-
tivity in their optical spectra. Figure 12 shows
the diagnostic diagrams, with the same symbols
as in Figure 10 showing the objects with A-star
stellar continuum, older stellar continuum, and
minimal stellar continuum in their spectra. The
post-starburst objects tend to cluster around the
maximum starburst and mixing lines and have am-
biguous or borderline classifications. The objects
with older stellar continuum or no stellar contin-
uum tend to fall higher in the diagnostic diagrams,
indicating a more dominant AGN.
Figure 13 shows the same equivalent width – lu-
minosity diagram as Figures 10 and 11, with data
for CSS sources from Gelderman & Whittle (1994)
plotted for comparison. The FIR-luminous radio-
excess and CSS samples follow the same trend of
[O III] λ5007 equivalent width versus luminosity.
We suggest that the four CSS objects in the lower
left part of the diagram are likely to be post-
starburst AGN. Examination of the spectra pre-
sented in Gelderman & Whittle (1994) supports
this hypothesis: all of the four CSS sources with
[O III] λ5007 luminosities less than 1041.5 erg s−1
show Mg b and Na D stellar absorption and two
show Hβ absorption, indicative of an intermediate-
age stellar population.
4.5. The Nature of Radio-Excess IRAS
Galaxies
Radio-excess galaxies have been identified in
small numbers by previous authors but, prior to
this work, have not previously been studied as
a class. Our multi-wavelength study has shown
that these objects are more common than gener-
ally believed and that the radio excess is an ex-
cellent indicator of the presence of an active nu-
cleus. Most of the FIR-luminous radio-excess ob-
jects have compact radio sources, as shown by our
radio observations (Paper III). Sixty-five percent
of the radio sources are less than 10 kpc in size
and have radio sizes an order of magnitude smaller
than the optical extent. The more extended ob-
jects are classical radio galaxies but the compact
radio sources appear to be a different population
of objects.
The compact FIR-luminous radio-excess galax-
ies have steep radio spectra indicative of optically
thin synchrotron emission, but radio powers in be-
tween those of traditional Seyfert and CSS/GPS
sources. Modeling of the radio data suggests that
the radio sources have ages 104 – 106 years (Paper
III), placing them among the young radio sources.
Synchrotron and jet models used to interpret the
radio and optical data show that the radio jets in
the radio-excess galaxies are intrinsically less pow-
erful than radio sources such as CSS/GPS sources.
This suggests that the intrinsic jet energy flux is
the dominant factor determining the weaker radio
power in the radio-intermediate sources. We in-
terpret the high ratios of [O III] λ5007 luminosity
to radio power in the radio-excess objects to be
a result of slower, more luminous shocks in the
radio-excess sources than in more powerful radio
sources. This is supported by the derived expan-
sion velocities (< 0.01c), which are significantly
less than those observed in CSS/GPS sources. The
FIR-luminous radio-excess objects also show evi-
dence for strong interaction between the radio jet
and the interstellar medium. Properties of the
optical emission lines indicate the effect of the
jet and expanding radio lobe on the kinematics
of the line-emitting region. Two representative
radio-excess sources observed with VLBI imaging,
F11243-2244 and F23400-8705, have kiloparsec-
scale lobes. Their morphologies are not similar
to the symmetric doubles seen among the classes
of CSS/GPS sources and suggest that the weaker
radio jets are disrupted by interaction with the
interstellar medium. The compact radio-excess
sources are not likely to evolve into classical ra-
dio galaxies. Although we showed in Paper II that
the host galaxies are more like those of FR II radio
galaxies than FR Is, the radio powers are expected
to decrease as the objects evolve, so that, if they
were to expand to sizes of hundreds of kiloparsecs,
the radio-excess objects would be unlikely to have
FR II radio powers.
The radio-intermediate sources may be confined
by the host interstellar medium; further work is
required to determine if this is likely. An H I ab-
sorption study would allow us to estimate the gas
masses in the radio-excess galaxies and determine
if this is sufficient to confine the radio plasma.
The radio emission may be a transient phe-
nomenon, perhaps associated with additional fuel-
ing to the black hole accretion disk in the nucleus.
The FIR-luminous radio-excess objects may then
fade to become radio-quiet galaxies. This would
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be consistent with the large fraction of mergers in
the sample. The optical morphologies of the host
galaxies of the sample objects include a large frac-
tion of merging or disturbed galaxies (Paper II).
The post-starburst continuum spectra observed in
one third of the sample provide further evidence
that many of the hosts have undergone interac-
tions. The dynamical timescale for merging activ-
ity and the age of the A-star population responsi-
ble for the post-starburst spectrum are both ∼ 108
years. The radio sources are at least two orders of
magnitude younger than this. Therefore, if the ra-
dio activity is associated with the tidal interaction,
then there must be a delay between the interaction
and the initiation of radio activity.
There may be some influence of the host type
on the radio power; radio sources with large ra-
dio excesses are not found in disk host galaxies
(Paper II). Model-fitting of host surface brightness
profiles suggests that there are two populations of
host galaxy in the FIR-luminous radio-excess sam-
ple: disk and elliptical systems, with different host
luminosities and radio excess distributions (Paper
II). The disk systems have low radio excesses and
host luminosities, while the elliptical hosts have
a broad range of radio excesses and high opti-
cal luminosities. This result suggests that an el-
liptical host is necessary but not sufficient for a
galaxy to host a radio-loud nucleus. However, the
presence of both disk and elliptical galaxies to-
gether with the presence of objects in our sample
that lie between radio-loud and radio-quiet objects
in their radio/far-infrared and radio/[O III] λ5007
luminosity ratios shows that the classic dichotomy
between radio–loud and radio–quiet galaxies, at
the very least needs to be modified. The com-
pact radio-intermediate objects that appear in our
sample are AGN with relatively weak radio ac-
tivity and a range of host morphologies, that fill
the gap between powerful CSS/GPS sources and
radio-quiet Seyfert galaxies.
5. Conclusions
Analysis of the optical spectra of our sample of
FIR-luminous radio-excess galaxies confirms that
radio-excess is an extraordinarily good indicator
of the presence of an AGN. We find a much higher
fraction of AGN than samples selected on FIR
luminosity alone, or using other criteria such as
warm FIR colors. We find several ambiguous or
borderline objects in the sample. These are likely
to be composite objects that comprise starbursts
which also host an AGN. There is some indica-
tion that the type of optical spectrum is associated
with the radio-loudness, in that the radio-loud ob-
jects appear to be more ‘pure’ AGN than radio-
intermediate objects. They may be more powerful
AGN, though they still appear to be highly ob-
scured.
In the [O III] λ5007 luminosity versus radio
power diagram, the objects fall between the
known correlations observed for radio galaxies and
Seyferts. We interpret this in the context of shock
models describing the interaction of the jet with
the surrounding medium and infer that radio-
intermediate objects generally have lower jet pow-
ers than more powerful radio sources. From our
understanding that the jet powers of radio-excess
objects are intrinsically lower than in CSS/GPS
sources (Paper III), we infer that the radio-excess
objects are equally luminous in [O III] λ5007 be-
cause the covering factor of dense gas is larger.
This is supported by the lower expansion veloc-
ities inferred for the radio-excess objects (Paper
III).
Despite the lower jet powers, the FIR-luminous
radio-excess galaxies show clear evidence for
strong interaction between the radio jet and the in-
terstellar medium. Broad [O III] λ5007 line widths
indicate acceleration of the line-emitting material
by the radio source. A blueshift is observed be-
tween the [O III] λ5007 and Hα emission lines in
several sources. Line profiles of two objects ob-
served at higher spectral resolution show complex
structure. These further suggest that the kine-
matics of the line-emitting material is strongly
influenced by the radio source.
We find that 33% of the sample spectra show
post-starburst stellar continuum, with A-star ab-
sorption lines. A further 13% show old, red stel-
lar continuum and absorption typical of elliptical
galaxies. The objects with post-starburst spec-
tra appear to have weaker AGN; they have low
[O III] λ5007 luminosities and equivalent widths,
and lie closer to the starburst line in diagnostic
diagrams. The objects with older stellar contin-
uum show intermediate [O III] λ5007 luminosities
and equivalent widths, and lie more clearly in the
region of diagnostic diagrams occupied by Seyfert
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galaxies. Objects with minimal stellar continuum
have high luminosities and equivalent widths, and
also occupy the Seyfert region of the diagnostic di-
agrams. The optical emission from these objects
is clearly dominated by the active nucleus.
The presence of post-starburst AGN in the sam-
ple is consistent with the large number of merg-
ing or disturbed host galaxies found in the sam-
ple (Paper II). If the radio sources are associated
with the merging activity, there must be a delay
between the interaction and the initiation of the
radio activity. The A-star spectra indicate ages of
∼ 108 years for the dominant stellar population,
consistent with the dynamical timescales involved
in mergers (Barnes & Hernquist 1996). The ages
of the radio sources are likely to be at least two
orders of magnitude younger than this.
Combining the understanding we have gleaned
from our multi-wavelength study, we find that the
radio-intermediate objects span a range of prop-
erties between those of powerful radio sources,
such as CSS/GPS sources, and radio-quiet Seyfert
galaxies. It remains unclear whether the radio-
intermediate objects reveal a continuum of radio-
loudness in AGN or indicate that the distributions
of radio-loud and radio-quiet AGN overlap. The
compact radio-intermediate objects in the FIR-
luminous radio-excess sample appear to be a new
population of relatively young radio sources that
will not evolve into classical radio galaxies, but
which are more powerful than typical radio-quiet
Seyferts. Further observations are required to de-
termine if the radio plasma is confined by the host
interstellar medium.
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Fig. 1.— Diagnostic diagrams. (a)
log([O III] λ5007/Hβ) vs log([N II] λ6584/Hα).
(b) log([O III] λ5007/Hβ) vs log(([S II] λ6717+
[S II] λ6731)/Hα). (c) log([O III] λ5007/Hβ) vs log
([O I] λ6300/Hα). Seyfert galaxies (filled circles),
LINERs (open squares), and starburst galaxies
(open stars) are classified according to their location
relative to the maximum starburst line (solid line)
and extreme mixing line (solid line) (Kewley et al.
2001). Objects are classified as ambiguous (x’s) if
they fall in different regions in different diagrams.
Line fluxes have been corrected for reddening.
Fig. 2.— Diagnostic diagrams. The symbols indicate
the level of radio excess, radio-loud (open circles) or
radio-intermediate (filled circles).
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Fig. 3.— FIR color-color diagram for objects with
measured IRAS 25 µm and 12 µm fluxes. The sym-
bols indicate the classification assigned to the objects
based on the diagnostic diagrams, Seyfert (filled cir-
cles) or ambiguous (x’s). The loci marked on the di-
agram follow Dopita et al. (1998). The solid line is
a reddening line produced by increasing the optical
depth, τ 12µm, through which a pure Seyfert nucleus
is observed. The dotted line is a mixing line indicat-
ing the location of objects comprising a mixture of
pure AGN (0% starburst) and increasing fractions of
starburst. The dashed line indicates the location of
starburst galaxies.
Fig. 4.— The distribution of [O III] λ5007 emission
line widths for the FIR-luminous radio-excess sample
and comparison objects. CSS sources are from Gel-
derman & Whittle (1994), radio-galaxies from Baum
& McCarthy (2000), Seyfert galaxies with linear radio
sources are from Whittle (1992a), and ULIRG Seyferts
are from Veilleux, Kim, & Sanders (1999). Filled re-
gions are explained in the text.
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Fig. 5.— The [O III] λ5007 emission line width rela-
tive to the radio power. The symbols indicate the level
of radio excess: u < 0.0 (radio-loud; open circles), 0.0
< u < 1.0 (dotted circles), and 1.0 < u < 1.8 (filled
circles). We note that the apparent correlation be-
tween the radio power and radio excess is a selection
effect in our sample.
Fig. 6.— Plots of the spectra of six objects showing a
blueshift between the [O III] λ5007 and Hα emission
lines. Each line shows one object, with the left and
right panels showing the [O III] λ5007 and Hα lines,
respectively. The vertical scale is in units of 10−15
erg s−1 cm−2A˚−1, and the horizontal scale in units of
km s−1.
Fig. 7.— Plots of the [O III] λ5007 line profiles of
two objects observed at higher resolution, showing the
complex structure. The vertical scale is in units of
10−15 erg s−1 cm−2A˚−1, and the horizontal scale in
units of km s−1.
Fig. 8.— The distribution of the ratio of [O III] λ5007
luminosity to radio power for the radio-excess sam-
ple (top panel), for powerful radio sources (middle
panel), and for radio-quiet Seyfert galaxies (bottom
panel). The radio-loud objects include radio galaxies
from Condon et al. (1995); Tadhunter et al. (1993);
Wall & Peacock (1985); Ku¨hr et al. (1981) and CSS
sources from Gelderman & Whittle (1994). The data
for the radio-quiet galaxies are from Condon et al.
(1995); Whittle (1992a); Edelson (1987).
15
Fig. 9.— The [O III] λ5007 emission line luminos-
ity relative to the radio power for the FIR-luminous
radio-excess sample objects (filled circles). The com-
parison objects comprise Seyfert galaxies (x’s), radio
galaxies (open squares), and CSS sources (open trian-
gles). References for the comparison objects are given
in Figure 8.
Fig. 10.— [O III] λ5007 equivalent widths versus
[O III] λ5007 luminosity as a function of classification
by stellar continuum type. The symbols indicate the
type of stellar continuum in the spectrum; A-star spec-
tra (open stars), older stellar continuum, typical of el-
liptical galaxies (filled circles), and objects with min-
imal stellar continuum (x’s).
Fig. 11.— [O III] λ5007 equivalent widths versus
[O III] λ5007 luminosity as a function of morpholog-
ical type for the FIR-luminous radio-excess sample.
Symbols indicate the host morphology, either disk
(open circles), elliptical (filled squares), point source
(stars), or undetermined (x’s).
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Fig. 12.— Diagnostic diagrams. The symbols indi-
cate the presence of a dominant post-starburst popula-
tion (open stars), old stellar population (filled circles),
or no stellar absorption in the spectrum (x’s).
Fig. 13.— [O III] λ5007 equivalent widths versus
[O III] λ5007 luminosity for the FIR-luminous radio-
excess sample (filled circles) and CSS sources (open
triangles; Gelderman & Whittle 1994).
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Table 1
Hα and Hβ fluxes and extinction.
FSC Name z Hα Flux a Hβ Flux a E(B-V)
narrow broad narrow broad
F00022+1231 0.143 15.80 ± 0.4 · · · 4.11 ± 0.2 · · · 0.2
F00183-7111 0.327 5.11 ± 0.3 · · · 1.74 ± 0.6 · · · > 0.0
F01009-3241 0.256 13.80 ± 0.3 · · · 0.70 ± 0.1 · · · 1.8
F01477-1655 0.162 54.50 ± 1.5 · · · 16.04 ± 1.0 · · · 0.1
F02483-5456 0.394 3.57 ± 0.2 · · · 0.40 ± 0.2 · · · 1.1
F03169+1850 0.300 1.41 ± 0.1 · · · < 0.94 · · · > 0.0
F03265-2852 0.108 29.10 ± 0.9 · · · 8.61 ± 0.7 · · · 0.1
F04137-1144 0.090 3.93 ± 0.8 · · · < 6.73 · · · > 0.0
F04367-2726 0.111 27.40 ± 0.7 · · · 4.51 ± 0.5 · · · 0.7
F05246+0103 0.097 17.10 ± 0.8 · · · 3.12 ± 0.6 · · · 0.6
F05265-4720 0.134 3.88 ± 0.3 · · · < 3.92 · · · > 0.0
F06065-7934 0.287 4.97 ± 1.3 · · · < 0.93 · · · > 0.5
F06195-4503 0.206 7.38 ± 0.3 · · · 1.22 ± 0.2 · · · 0.7
F08064-1018 0.110 39.50 ± 0.8 · · · 10.22 ± 0.4 · · · 0.2
F09165-0726 0.273 1.09 ± 0.1 · · · < 1.32 · · · > 0.0
F09323+0732 0.290 5.30 ± 0.2 · · · 1.55 ± 0.2 · · · 0.1
F09416-0137 0.112 11.70 ± 0.8 · · · 0.55 ± 0.5 · · · 1.9
F10227-8251 0.086 11.40 ± 0.4 · · · 2.30 ± 0.3 · · · 0.5
F10418+1153 0.230 2.69 ± 0.1 · · · < 1.97 · · · > 0.0
F11243-2244 0.171 12.20 ± 0.2 20.80 ± 0.5 0.89 ± 0.1 0.64 ± 0.4 1.5
F11270+0031 0.211 2.34 ± 0.1 · · · 0.77 ± 0.1 · · · > 0.0
F12173-3541 0.057 5.93 ± 0.2 · · · 0.54 ± 0.1 · · · 1.3
F12183-1015 0.300 0.91 ± 0.1 · · · < 0.51 · · · > 0.0
F14381-3901 0.138 43.10 ± 0.8 26.20 ± 4.4 9.14 ± 0.4 5.18 ± 3.2 0.4
F14501+0639 0.267 6.13 ± 0.3 · · · < 4.12 · · · > 0.0
F15129+0432 0.095 7.13 ± 0.2 · · · 1.20 ± 0.1 · · · 0.7
F15494-7905 0.150 9.07 ± 0.3 15.30 ± 1.0 0.66 ± 0.2 2.01 ± 0.8 1.5
F15599+0206 0.104 20.90 ± 0.5 · · · 5.18 ± 0.3 · · · 0.3
F16159-0402 0.213 21.70 ± 0.4 · · · 3.11 ± 0.4 · · · 0.8
F16431+0217 0.096 20.90 ± 0.6 · · · 4.21 ± 0.5 · · · 0.5
F17345+1124 0.165 56.60 ± 0.9 · · · 14.21 ± 0.6 · · · 0.3
F19254-7245 0.062 18.40 ± 0.5 130.00 ± 2.0 1.88 ± 0.3 1.37 ± 1.5 1.2
F20203-5733 0.352 29.70 ± 0.5 120.00 ± 3.0 8.12 ± 0.3 10.60 ± 2.2 0.2
F20517-5809 0.193 4.53 ± 0.4 · · · < 2.85 · · · > 0.0
F21139-6613 0.153 71.50 ± 1.2 · · · 1.02 ± 0.3 · · · 3.1
F21309-0726 0.087 12.00 ± 0.3 · · · 1.42 ± 0.2 · · · 1.0
F21356-1015 0.206 18.50 ± 0.4 17.70 ± 1.0 1.97 ± 0.2 1.35 ± 0.7 1.1
F21497-0824 0.035 73.80 ± 1.2 · · · 13.45 ± 0.6 · · · 0.6
F21511-4606 0.146 9.67 ± 0.3 14.10 ± 2.6 1.79 ± 0.2 2.38 ± 1.9 0.6
F21527-2856 0.232 < 1.95 · · · < 0.94 · · · · · ·
F22537-6512 0.120 45.80 ± 1.0 · · · 11.65 ± 0.6 · · · 0.2
F23002-5828 0.210 26.50 ± 1.5 · · · < 11.11 · · · > 0.0
F23075-5957 0.141 1.48 ± 0.4 · · · 0.95 ± 0.3 · · · > 0.0
F23140+0348 0.220 12.90 ± 0.4 · · · 0.86 ± 0.2 · · · 1.6
F23389+0300 0.145 15.10 ± 0.3 · · · 2.63 ± 0.3 · · · 0.6
F23400-8705 0.106 12.10 ± 0.4 · · · < 7.18 · · · > 0.0
F23475-7407 0.105 < 6.02 · · · < 4.78 · · · · · ·
F23493-0126 0.174 25.40 ± 1.1 327.00 ± 9.7 6.24 ± 0.8 71.10 ± 7.1 0.3
F23565-7631 0.082 0.93 ± 0.4 · · · 0.36 ± 0.3 · · · > 0.0
aFluxes are in units of 10−15 erg s−1 cm−2.
Hα and Hβ fluxes have not been corrected for reddening.
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Table 2
Emission line fluxes.
FSC Name [Ne V] [O II] [Ne III] [O III] He II [O III] [O III] [O I] [N II] [N II] [S II] [S II]
λ3426 λ3727 λ3869 λ4363 λ4686 λ4959 λ5007 λ6300 λ6548 λ6584 λ6717 λ6731
F00022+1231 4.72 15.99 5.10 1.08 2.02 17.14 51.06 2.03 2.53 7.44 3.11 4.35
F00183-7111 < 1.18 6.85 1.73 < 1.48 < 1.49 1.62 4.49 3.08 1.93 5.77 3.19 1.98
F01009-3241 703.98 4763. 1267. < 511.11 < 323.88 873.13 3262. 211.35 271.00 695.68 109.18 124.70
F01477-1655 16.22 41.94 18.22 3.62 5.49 77.52 228.76 4.12 7.69 22.57 8.78 7.03
F02483-5456 < 106.25 119.89 < 82.46 < 53.68 < 44.55 36.95 125.51 8.11 8.72 25.24 < 56.84 < 56.48
F03169+1850 < 0.33 0.73 0.53 < 0.52 0.33 < 2.26 2.54 < 2.10 0.91 2.92 0.41 0.08
F03265-2852 19.14 25.69 11.15 < 7.22 5.70 35.52 100.10 5.22 13.08 38.24 11.10 7.83
F04137-1144 < 2.15 0.83 < 1.25 < 1.16 < 1.23 < 3.82 < 3.64 < 4.38 0.76 2.24 0.80 0.69
F04367-2726 20.75 110.59 < 74.33 < 58.76 < 38.08 42.13 104.34 6.77 21.84 63.55 17.40 13.36
F05246+0103 < 38.67 < 35.00 49.74 < 28.12 < 22.38 < 31.88 25.98 < 18.48 15.38 44.80 8.22 4.02
F05265-4720 < 1.41 4.20 1.44 < 2.00 < 2.24 < 2.86 < 2.86 < 2.90 1.53 4.50 1.22 0.56
F06065-7934 < 4.40 10.18 6.86 < 5.07 < 4.66 6.53 16.95 < 4.49 5.30 15.48 0.29 4.97
F06195-4503 12.09 25.66 22.68 < 10.24 < 11.93 19.45 62.04 < 6.77 7.96 23.21 6.89 4.68
F08064-1018 26.75 40.28 20.71 4.97 7.98 76.02 232.52 4.56 7.57 22.15 9.48 6.55
F09165-0726 < 0.66 1.09 < 0.81 < 1.12 < 1.02 0.52 0.70 < 1.54 0.32 0.93 0.38 0.35
F09323+0732 1.07 7.08 3.17 < 2.51 < 2.12 7.52 26.28 2.20 2.71 7.95 2.14 1.74
F09416-0137 < 7219. 6818. 13400. 723.02 < 2167. 447.74 644.93 73.23 223.86 606.02 86.26 76.79
F10227-8251 < 26.64 52.81 14.61 < 21.82 < 21.96 32.69 90.10 3.30 9.04 26.37 8.25 7.02
F10418+1153 < 1.06 3.05 1.99 0.59 < 1.64 2.62 6.41 0.47 0.97 3.19 0.76 0.61
F11243-2244 449.08 544.20 166.28 < 169.48 15.57 186.32 626.47 11.79 86.09 248.39 15.49 17.90
F11270+0031 0.84 2.49 0.89 0.30 0.28 2.65 7.74 0.64 0.43 1.27 0.62 0.47
F12173-3541 < 929.58 416.77 < 428.82 23.67 < 198.12 42.48 65.99 < 69.23 17.36 50.09 22.45 9.03
F12183-1015 < 0.31 1.01 < 0.37 < 0.42 0.38 < 0.66 < 0.68 0.24 0.24 0.72 0.27 0.17
F14381-3901 < 15.53 103.49 29.89 12.64 3.50 87.52 262.43 8.45 10.05 29.45 14.65 8.94
F14501+0639 < 0.73 1.62 0.75 < 1.73 < 1.89 1.55 6.97 1.11 1.56 4.60 0.46 1.42
F15129+0432 < 52.36 48.62 < 42.56 2.05 < 23.21 2.84 5.95 2.92 3.79 11.03 5.58 3.32
F15494-7905 < 771.10 1068. 538.72 < 258.17 < 215.70 925.16 2271. 62.59 75.23 216.39 39.80 30.02
F15599+0206 24.10 31.21 13.95 6.59 5.26 54.16 161.66 5.11 9.50 27.88 10.92 6.53
F16159-0402 < 51.40 288.32 35.13 < 33.07 < 32.20 21.74 52.83 44.38 44.08 128.18 13.06 82.66
F16431+0217 24.42 42.67 14.20 12.66 8.37 54.23 165.90 7.18 21.60 62.99 12.37 11.74
F17345+1124 7.68 77.84 23.09 22.08 8.11 99.00 292.63 17.91 21.63 63.32 20.59 19.59
F19254-7245 < 975.59 963.08 < 478.67 < 383.22 < 287.96 251.71 602.16 192.02 85.52 247.36 103.95 93.19
F20203-5733 13.31 29.71 16.05 4.13 3.41 65.30 198.66 3.84 4.18 12.27 2.94 2.28
F20517-5809 < 1.89 2.45 < 1.94 < 2.52 1.67 < 3.49 < 3.49 0.58 1.17 3.45 0.80 1.04
F21139-6613 <695400. 583700. 92600. 16400. <78500. 21900. 50000. 615.32 1353. 3796. 505.94 440.09
F21309-0726 203.05 158.70 88.64 < 112.09 29.65 115.27 299.30 < 46.76 22.58 65.48 12.47 8.29
F21356-1015 < 215.96 752.80 184.77 24.91 < 78.89 374.18 960.54 17.09 34.40 99.46 87.49 0.26
F21497-0824 < 102.02 194.04 94.31 20.42 26.21 265.04 783.17 24.66 58.92 172.12 49.04 44.07
F21511-4606 25.95 82.71 26.73 11.58 3.23 47.10 125.63 9.42 10.31 30.02 8.97 7.54
F21527-2856 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
F22537-6512 41.74 75.74 34.18 4.71 13.37 96.19 280.10 8.89 23.34 68.32 13.51 12.59
F23002-5828 < 3.21 4.96 < 3.67 < 3.46 < 3.22 < 4.86 1.18 < 5.84 0.36 1.06 1.59 0.59
F23075-5957 < 3.48 1.93 < 4.53 < 4.27 < 4.85 2.29 2.89 < 4.21 1.18 3.46 0.52 0.38
F23140+0348 549.98 5150. 363.80 < 853.04 < 612.95 480.54 997.58 76.25 121.01 347.55 64.23 60.54
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Table 2—Continued
FSC Name [Ne V] [O II] [Ne III] [O III] He II [O III] [O III] [O I] [N II] [N II] [S II] [S II]
λ3426 λ3727 λ3869 λ4363 λ4686 λ4959 λ5007 λ6300 λ6548 λ6584 λ6717 λ6731
F23389+0300 < 21.91 109.67 8.55 < 18.01 < 14.28 19.72 42.62 55.90 33.43 97.38 15.57 13.22
F23400-8705 < 2.96 3.31 < 3.84 < 3.85 < 4.28 4.88 13.05 1.26 3.35 9.86 2.75 2.04
F23475-7407 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
F23493-0126 11.50 30.58 11.32 43.38 < 42.89 26.52 79.56 3.84 14.51 42.43 5.06 5.07
F23565-7631 < 2.50 1.45 < 2.66 < 3.60 < 3.92 < 6.19 < 5.99 < 6.70 0.62 1.81 0.29 0.74
Note.—Fluxes are in units of 10−15 erg s−1 cm−2.
All fluxes have been corrected for reddening, listed in Table 1.
2
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Table 3
Emission line widths.
FSC Name [Ne V] [O II] [Ne III] [O III] He II Hβ [O III] [O III] [O I] Hα [N II] [N II] [S II] [S II]
λ3426 λ3727 λ3869 λ4363 λ4686 narrow broad λ4959 λ5007 λ6300 narrow broad λ6548 λ6584 λ6717 λ6731
F00022+1231 279 395 522 364 266 439 · · · 343 342 720 476 · · · 376 374 403 651
F00183-7111 · · · 871 1375 · · · · · · 2272 · · · 795 893 563 720 · · · 950 944 942 940
F01009-3241 419 688 725 · · · · · · 511 · · · 633 887 599 770 · · · 769 679 683 681
F01477-1655 419 513 408 588 439 542 · · · 443 451 329 573 · · · 459 457 422 366
F02483-5456 · · · 751 · · · · · · · · · 762 · · · 914 974 323 691 · · · 693 689 · · · · · ·
F03169+1850 · · · 327 1107 · · · 187 · · · · · · · · · 1408 · · · 635 · · · 979 1063 1030 1027
F03265-2852 818 419 563 · · · 572 506 · · · 542 496 555 467 · · · 516 513 455 412
F04137-1144 · · · 606 · · · · · · · · · · · · · · · · · · · · · · · · 1642 · · · 430 428 471 335
F04367-2726 590 372 · · · · · · · · · 500 · · · 513 425 624 506 · · · 532 529 558 557
F05246+0103 · · · · · · 1040 · · · · · · 207 · · · · · · 479 · · · 175 · · · 471 468 262 214
F05265-4720 · · · 484 775 · · · · · · · · · · · · · · · · · · · · · 678 · · · 364 362 366 366
F06065-7934 · · · 481 780 · · · · · · · · · · · · 1671 1335 · · · 506 · · · 638 634 1058 1055
F06195-4503 516 592 1061 · · · · · · 406 · · · 256 573 · · · 514 · · · 515 512 469 468
F08064-1018 435 452 482 728 381 486 · · · 467 472 511 459 · · · 482 479 452 422
F09165-0726 · · · 538 · · · · · · · · · · · · · · · 723 951 · · · 572 · · · 523 521 1030 1028
F09323+0732 663 515 768 · · · · · · 827 · · · 731 978 697 493 · · · 756 752 470 381
F09416-0137 · · · 460 2377 1027 · · · 384 · · · 1478 1095 510 524 · · · 599 559 529 528
F10227-8251 · · · 605 662 · · · · · · 429 · · · 427 395 415 399 · · · 398 396 366 418
F10418+1153 · · · 505 807 681 · · · · · · · · · 836 560 155 216 · · · 225 296 249 249
F11243-2244 1590 563 348 · · · 164 664 2439 688 759 304 695 2448 697 693 698 697
F11270+0031 590 517 518 72 356 382 · · · 358 293 532 471 · · · 320 319 325 325
F12173-3541 · · · 511 · · · 613 · · · 480 · · · 1826 1104 · · · 355 · · · 399 397 532 272
F12183-1015 · · · 528 · · · · · · 184 · · · · · · · · · · · · 116 372 · · · 394 392 384 384
F14381-3901 · · · 598 572 1217 376 656 7234 556 558 568 482 7238 481 478 538 364
F14501+0639 · · · 570 1108 · · · · · · · · · · · · 623 836 810 790 · · · 432 430 691 690
F15129+0432 · · · 511 · · · 526 · · · 275 · · · 117 411 326 204 · · · 259 257 260 218
F15494-7905 · · · 649 1025 · · · · · · 665 2297 1676 1439 974 696 2306 697 693 458 577
F15599+0206 511 562 516 888 599 575 · · · 504 489 493 484 · · · 488 486 542 388
F16159-0402 · · · 1016 872 · · · · · · 1335 · · · 1572 1510 915 771 · · · 779 775 1223 1221
F16431+0217 633 615 431 1329 802 693 · · · 642 646 605 514 · · · 622 618 648 646
F17345+1124 412 918 709 3195 1387 1025 · · · 922 897 1002 873 · · · 772 767 808 807
F19254-7245 · · · 812 · · · · · · · · · 459 2565 1823 1578 1650 524 2578 525 522 562 561
F20203-5733 453 608 493 575 674 718 8079 576 477 708 628 8084 630 626 374 373
F20517-5809 · · · 973 · · · · · · 447 · · · · · · · · · · · · 164 627 · · · 859 855 356 411
F21139-6613 · · · 735 516 412 · · · 609 · · · 508 735 369 482 · · · 461 459 432 399
F21309-0726 493 340 680 · · · 709 336 · · · 737 579 · · · 399 · · · 368 366 375 255
F21356-1015 · · · 759 882 584 · · · 505 2701 1455 1470 585 570 2714 571 568 1254 1304
F21497-0824 · · · 589 722 776 760 655 · · · 731 723 698 594 · · · 582 579 481 505
F21511-4606 471 455 429 444 284 357 4969 432 368 387 472 4974 577 574 392 294
F21527-2856 · · · 716 · · · · · · · · · · · · · · · · · · 625 · · · · · · · · · · · · · · · · · · · · ·
F22537-6512 658 606 655 672 617 617 · · · 593 575 515 440 · · · 516 514 397 397
F23002-5828 · · · 711 · · · · · · · · · · · · · · · · · · 979 · · · 1955 · · · 677 673 678 677
F23075-5957 · · · 814 · · · · · · · · · 388 · · · 101 554 · · · 567 · · · 459 456 315 282
F23140+0348 449 1018 484 · · · · · · 721 · · · 1399 1386 897 769 · · · 770 766 453 452
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Table 3—Continued
FSC Name [Ne V] [O II] [Ne III] [O III] He II Hβ [O III] [O III] [O I] Hα [N II] [N II] [S II] [S II]
λ3426 λ3727 λ3869 λ4363 λ4686 narrow broad λ4959 λ5007 λ6300 narrow broad λ6548 λ6584 λ6717 λ6731
F23389+0300 · · · 803 549 · · · · · · 1137 · · · 1864 1308 1988 729 · · · 1181 1174 517 516
F23400-8705 · · · 406 · · · · · · · · · · · · · · · 1356 1476 803 558 · · · 525 523 562 561
F23475-7407 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
F23493-0126 567 724 770 4501 · · · 602 6563 639 607 459 622 6571 624 621 348 347
F23565-7631 · · · 425 · · · · · · · · · 571 · · · · · · · · · · · · 629 · · · 466 463 341 340
Note.—All linewidths are in km s−1.
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Table 4
[O III] λ5007 equivalent widths.
FSC Name Weq FSC Name Weq
(A˚) (A˚)
F00022+1231 -241.70 F15129+0432 -3.32
F00183-7111 -54.11 F15494-7905 -231.60
F01009-3241 -250.20 F15599+0206 -116.00
F01477-1655 -526.20 F16159-0402 -42.42
F02483-5456 -50.71 F16431+0217 -69.19
F03169+1850 -47.41 F17345+1124 -524.30
F03265-2852 -165.20 F19254-7245 -36.60
F04137-1144 -9.64 F20203-5733 -607.80
F04367-2726 -22.42 F20517-5809 · · ·
F05246+0103 -18.54 F21139-6613 -18.13
F05265-4720 -4.71 F21309-0726 -34.06
F06065-7934 -47.27 F21356-1015 -278.90
F06195-4503 -134.70 F21497-0824 -152.60
F08064-1018 -247.50 F21511-4606 -42.28
F09165-0726 -7.46 F21527-2856 -9.25
F09323+0732 -133.30 F22537-6512 -226.50
F09416-0137 -4.32 F23002-5828 · · ·
F10227-8251 -51.60 F23075-5957 -9.64
F10418+1153 -25.80 F23140+0348 · · ·
F11243-2244 -81.47 F23389+0300 -55.05
F11270+0031 -183.40 F23400-8705 -28.28
F12173-3541 -4.55 F23475-7407 -0.84
F12183-1015 -3.34 F23493-0126 -23.60
F14381-3901 -282.00 F23565-7631 -1.51
F14501+0639 -37.89
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Table 5
Object classifications.
FSC Name Individual classifications Type
[N II]/Hα [S II]/Hα [O I]/Hα
F00022+1231 Sy Sy Sy Sy
F00183-7111 Sy Sy LN AMB
F01009-3241 Sy Sy Sy Sy
F01477-1655 Sy Sy Sy Sy
F02483-5456 Sy (Sy) Sy Sy
F03169+1850 · · · · · · · · · · · ·
F03265-2852 Sy Sy Sy Sy
F04137-1144 · · · · · · · · · · · ·
F04367-2726 Sy Sy Sy Sy
F05246+0103 Sy SB (LN) AMB
F05265-4720 · · · · · · · · · · · ·
F06065-7934 · · · · · · · · · · · ·
F06195-4503 Sy Sy (Sy) Sy
F08064-1018 Sy Sy Sy Sy
F09165-0726 · · · · · · · · · · · ·
F09323+0732 Sy Sy Sy Sy
F09416-0137 Sy Sy Sy Sy
F10227-8251 Sy Sy Sy Sy
F10418+1153 · · · · · · · · · · · ·
F11243-2244 Sy Sy Sy Sy
F11270+0031 Sy Sy Sy Sy
F12173-3541 Sy Sy (LN) Sy
F12183-1015 · · · · · · · · · · · ·
F14381-3901 Sy Sy Sy Sy
F14501+0639 · · · · · · · · · · · ·
F15129+0432 SB SB LN AMB
F15494-7905 Sy Sy Sy Sy
F15599+0206 Sy Sy Sy Sy
F16159-0402 Sy Sy LN AMB
F16431+0217 Sy Sy Sy Sy
F17345+1124 Sy Sy Sy Sy
F19254-7245 Sy Sy LN AMB
F20203-5733 Sy Sy Sy Sy
F20517-5809 · · · · · · · · · · · ·
F21139-6613 SB SB SB SB
F21309-0726 Sy Sy (LN) Sy
F21356-1015 Sy Sy Sy Sy
F21497-0824 Sy Sy Sy Sy
F21511-4606 Sy Sy Sy Sy
F21527-2856 · · · · · · · · · · · ·
F22537-6512 Sy Sy Sy Sy
F23002-5828 · · · · · · · · · · · ·
F23075-5957 LN Sy (LN) AMB
F23140+0348 Sy Sy Sy Sy
F23389+0300 Sy Sy LN AMB
F23400-8705 · · · · · · · · · · · ·
F23475-7407 · · · · · · · · · · · ·
F23493-0126 Sy Sy Sy Sy
F23565-7631 (Sy) (Sy) (LN) Sy
Note.—Parentheses indicate a classification made using a limit
in the line ratio; these were not used in assigning the final type.
Objects for which Hα or Hβ is a limit were not classified.
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Table 6
Jet energy fluxes.
FSC Name u logL [O III] logP 5 GHz logFE
(W) (W Hz−1) (W)
F00022+1231 -0.18 35.41 25.83 37.45
F00183-7111 1.04 35.37 25.76 37.41
F01009-3241 0.48 35.70 25.48 37.74
F01477-1655 0.74 36.33 24.78 38.36
F02483-5456 0.20 35.67 25.93 37.70
F03169+1850 -0.45 35.05 26.50 37.08
F03265-2852 0.03 35.61 25.36 37.65
F04137-1144 0.86 < 34.12 24.42 < 36.16
F04367-2726 1.11 34.92 24.40 36.96
F05246+0103 1.15 34.33 24.88 36.36
F05265-4720 1.27 < 34.37 24.60 < 36.41
F06065-7934 -0.19 35.16 26.31 37.19
F06195-4503 -0.24 35.25 25.99 37.29
F08064-1018 -0.51 35.83 25.98 37.86
F09165-0726 0.23 34.40 25.75 36.44
F09323+0732 -0.13 35.91 26.16 37.94
F09416-0137 1.22 34.16 24.60 36.19
F10227-8251 1.07 34.89 24.02 36.92
F10418+1153 0.44 35.21 25.38 37.24
F11243-2244 0.67 35.07 24.94 37.10
F11270+0031 -0.18 35.21 25.85 37.25
F12173-3541 1.28 33.39 24.23 35.42
F12183-1015 0.64 < 34.47 25.39 < 36.51
F14381-3901 0.31 35.83 25.18 37.87
F14501+0639 0.12 35.38 25.89 37.41
F15129+0432 1.05 33.57 24.45 35.60
F15494-7905 -0.56 35.51 26.58 37.55
F15599+0206 -0.67 35.57 26.14 37.60
F16159-0402 1.17 35.04 25.15 37.07
F16431+0217 -0.42 35.25 25.43 37.28
F17345+1124 1.14 36.25 24.65 38.29
F19254-7245 1.76 34.57 24.21 36.61
F20203-5733 -0.44 36.88 26.67 38.92
F20517-5809 0.89 < 34.79 24.90 < 36.82
F21139-6613 1.18 34.83 24.36 36.86
F21309-0726 0.72 34.75 24.33 36.79
F21356-1015 1.00 35.90 24.97 37.93
F21497-0824 1.68 34.91 23.54 36.94
F21511-4606 0.66 35.40 24.61 37.43
F21527-2856 0.20 34.37 25.57 36.41
F22537-6512 0.81 35.97 25.11 38.00
F23002-5828 1.12 34.39 24.65 36.43
F23075-5957 0.66 34.42 25.15 36.46
F23140+0348 -0.35 35.39 26.49 37.43
F23389+0300 0.80 34.84 25.28 36.88
F23400-8705 0.32 34.82 24.73 36.86
F23475-7407 1.08 < 34.40 23.86 < 36.43
F23493-0126 -0.46 35.71 25.99 37.74
F23565-7631 1.13 < 34.26 23.89 < 36.29
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A. Optical Spectra of FIR-Luminous Radio-Excess Objects
Here we show the low-resolution optical spectra discussed in Section 2 (Fig. 14).
Fig. 14.— Optical spectra of the FIR-luminous radio-excess IRAS galaxies. Spectra have been converted to rest-
frame. The vertical axis is Fλ in units of erg s
−1 cm−2A˚−1.
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Fig. 14.— Continued.
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